The purpose of this study was to evaluate the physico-chemical characteristics, bioactive compounds and antioxidant activity of Malay apple fruit (Syzygium malaccense) grown in Brazil with regard to the geographical origin and its peel fractions and edible portion analyzed independently. Fruit diameter, weight, yield, and centesimal composition, ascorbic acid, reductive sugars, total soluble solids, pH and fiber content were determined. Total phenolics (1293 mg gallic acid equivalent/100 g) and total anthocyanins (1045 mg/100 g) contents were higher in the peel, with the major anthocyanin identified using HPLC-DAD-MS/MS as cyanidin 3-glucoside. Higher values for DPPH antiradical scavenging activity (47.52 μMol trolox equivalent antioxidant capacity/g) and Ferric Reducing Antioxidant Potential (FRAP, 0.19 mM ferreous sulfate/g) were also observed in the peel fraction. All extracts tested showed the ability to inhibit oxidation in the β-carotene/linoleic acid system. This study highlights the potential of Malay apple fruit as a good source of antioxidant compounds with potential benefits to human health.
Introduction
Many epidemiological studies have been associated with the intake of natural antioxidants present in foods, such as fruits, vegetables and teas with protective effects against many diseases [1, 2] . Reddish and purplish coloring of fruits are potential sources of antioxidants, such as phenolics. Among the phenolic, anthocyanins are the main pigments responsible for most of the colors of fruits and exhibit anti-inflammatory, antimutagenic and cancer chemopreventative activities in vivo [3] .
A variety of these richly colored fruits is available but has not been investigated for their functional properties though these fruits have been consumed for centuries. Among these fruits, the Malay apple is very popular in Brazil, where this plant can be found in the North, Northeast and Southeastern regions of the country. The fruits are sold in local markets and along the streets wherever the tree is grown. The ripe fruit of Malay apple is eaten raw but can also be eaten with cream for dessert [4] .
There has been no report in the international literature regarding the antioxidant activity of Malay apple fruit grown in Brazil. In addition, the physical and chemical characterization of Malay apple fruit is important to support information regarding the nutritional value, proper selection, processing and shelf life of this fruit, which is aimed to encourage the consumption of this fruit because of its potential health benefits as well as to encourage greater application in the food industry. Considering these aspects, this study presents a screening of the antioxidant activity in the peel and edible fraction of the fruit, along with the physical and chemical characterization of Syzygium malaccense from different geographical origins.
Materials and Methods

Chemicals and samples
The following chemicals were purchased from Sigma-Aldrich Chemie (Steinheim, Germany): 2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium carbonate (Na 2 CO 3 ), β-carotene, linoleic acid, BHT (2,6-di-tert-butyl-4-methylphenol), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Cianidin-3-glucoside was purchased from Polyphenols Laboratories AS (Sandnes, Norway). Folin-Ciocalteau reagent, 2,4,6-Tris(2-pyridyl)-1,3,5-triazine (TPTZ) and Tween 40 were purchased from Fluka Chemie AG (Buchs, Switzerland). The solvents employed for extraction and HPLC procedures were analytical/HPLC grade and purchased from Merck (São Paulo, Brazil).
Malay apple samples were obtained from two different geographical origins (designated as L1 and L2), during the harvest season in 2013. Geographic coordinate L1: Latitude 7°15' 38" South and Longitude 34°54' 30" West. Geographic coordinate L2: Latitude 7°5' 39" South and Longitude 59°54' 08" West. The field studies did not involve endangered or protected species. The samples collected at locations along public roads for which specific permission is not required were transported to the Biochemistry and Applied Microbiology Laboratory of the Federal University of Paraíba and were then selected and washed in running water for 15 min.
Initially, fruits in natura from each L1 and L2 were separated for physical and chemical characterization. Samples were peeled and separated from the seed using a stainless steel knife, yielding two fractions: peel and edible portion (pulp + peel).
For anthocyanins, total phenolic content and antioxidant activity assays; samples were frozen (-80°C) and then lyophilized at -68°C at 130 mmHg in the lyophilizer model Liotop, L101 (São Carlos, Sao Paulo, Brazil) for seven days. After lyophilization, both fractions were separately homogenized in an industrial stainless steel blender with 2 L capacity (Tron), with a velocity of 25.000 rpm when empty and maintained under -30°C in vacuum conditioning until extract preparation.
Physical and Chemical characterization
The transverse diameter (total height of fruit) and longitudinal diameter were measured using a vernier caliper. Fruit shape (format index) was determined by the ratio of fruit length to diameter. Fruit, pulp, peel and seed weight were measured using a digital balance with an accuracy of 0.01. Peels and seeds were manually separated from the pericarp/membrane, and the total weight per fruit was recorded. Peel yield (%) was determined as the ratio between peel weight and fruit weight, multiplied by 100. Similarly, pulp yield (%) was determined as the ratio between pulp weight and fruit weight, multiplied by 100.
All chemical composition analyses were performed in triplicate. The moisture, ash, fat, protein, fiber and total carbohydrate were quantified. The energy value was calculated from the protein, total lipid and total carbohydrate content using an Atwater system. The total soluble solids (TSS) were determined using an Abbe refractometer (A. Krüss Optronic, Germany) with results expressed as°Brix (at 20°C), and pH was measured using a digital Mettler Toledo MP 230 pH meter (at 20°C) [5] .
Extract preparation
Extracts of the peel and edible fraction from Syzygium malaccense were prepared separately. Anthocyanins were exhaustively extracted from 2.0 g of homogenized fractions using methanol containing 1% HCl. Extracts for total phenolic compounds were prepared from 5.0 g of samples, with methanol/water (8:2, v/v), which was also used to evaluate the antioxidant properties. All extracts (anthocyanins and phenolic compounds) were obtained by stirring in a Metabo GE700 homogenizer (Nürtingen, Germany), followed by vacuum filtration. The extracts were concentrated in a rotary evaporator (T < 35°C) and stored in nitrogen at −36°C. Before liquid chromatography analysis (HPLC-DAD-MS/MS), the anthocyanin extract was partially purified on a XAD-7 column (Sigma) to remove sugars.
Total monomeric anthocyanins
The monomeric anthocyanin contents were determined in both the peel and edible portion extracts using the differential pH method [6] . The monomeric anthocyanin (MA) content was calculated as the equivalent of cyanidin 3-glucoside (cyd 3-glu), considering the molecular weight (MW) of 449.2 g/mol and molar absorption coefficient (ε) of 26,900 L/mol/cm.
Identification of anthocyanins by HPLC-DAD-MS/MS
Anthocyanins from peel extract were separated on a C18 Shim-pack CLC-ODS column (5 μm, 250 × 4.6 mm i.d.) (Shimadzu, Canby, USA) using a linear gradient of water/methanol as the mobile phase, both with 5% v/v formic acid from 90:10 to 60:40 in 20 min, and passed to 20:80 in 15 min while maintaining this proportion for 5 min, according to a previously described method by Faria et al. [7] . The UV-Vis spectra were acquired between 200 and 600 nm, and the chromatograms were processed at 520 nm. After passing through the cell of the DAD, the flow from the column was split, allowing only 0.15 mL/min into the ESI source. For MS detection, the ESI ionization source was used in either positive (ESI 
Total phenolic compounds and antioxidant activity
Total phenolic compounds content. The determination of total phenolic compounds was performed by the reaction with Folin-Ciocalteau reagent [8] . Quantification was performed based on the calibration curve of gallic acid (2.0-8.0 mg/L), and the results were expressed in mg gallic acid equivalent (GAE)/100 g sample.
Antioxidant activity-DPPH Method. The DPPH method was performed as described by Brand-Williams et al. [9] . The decrease in the absorbance of 100 μM DPPH• radicals (2.9 mL) dissolved in 80% methanol was evaluated at 515 nm, 30 min after the addition of each extract.
The total antioxidant activity of peel and edible portion (on a dry weight basis) were expressed in μMol/g of TEAC.
Reducing Power-FRAP Method. The ferric reducing antioxidant potential (FRAP) assay was performed according to the method described by Benzie and Strain [10] , based on the direct measurement of antioxidant (reducing) ability through the reduction of the complex Fe 3+ /tripyridyltriazine (TPTZ) to Fe 2+ at acid pH (3.6). The absorbance was read at 620 nm using a UV-vis spectrophotometer during the monitoring period (2 h). The antioxidant potential of the peel and edible portion extracts was determined based on a calibration curve plotted using FeSO 4 Á7H 2 O at a concentration ranging between 500 and 2000 μM.
Oxidation inhibition power-Co-oxidation of β-carotene/linoleic acid method
The oxidation inhibition power of the fruit methanolic extract was evaluated as described by Marco [11] and Rodrigues et al. [12] , with some modifications: a 20-μL aliquot of β-carotene solution (20 mg/mL in chloroform) was placed in a 250 mL Erlenmeyer flask with 40 μL of linoleic acid, 1 mL chloroform and 20 mg of Tween 40. After homogenization, the chloroform was completely evaporated with nitrogen. Deionized water (previously subjected to oxygen atmosphere for 30 min) was then added until the formation of a clear emulsion with absorbance ranging from 0.6 to 0.7 at 470 nm. Different aliquots of the extracts (100 μL and 400 μL), BHT (Butylated hydroxytoluene, 100 μL) and a mixture of extracts (50 μL) + BHT (50 μL) were added to 5 mL of linoleic acid emulsion in glass cuvettes (optical path of 10 mm). After the initial reading, the absorbance was monitored every 15 min for 2 h. During this period, the cuvettes were incubated at 50°C in a water bath. The decrease in absorbance was compared to the control (without antioxidant). The synergistic effect was also evaluated using 50 μL of the extracts and BHT at a 1:1 ratio. The antioxidant activity was expressed as % inhibition, relative to the control, according to Eq 1.
Ai = extract initial absorbance Af = extract final absorbance Ci = control initial absorbance Cf = control final absorbance
Statistical Analysis
Data were subjected to ANOVA and Student's t-test (Statistica1 7.0 software) at a 0.01 level of significance. All assays being performed in triplicate.
Results
Physico-chemical characterization
The physical characteristics of Syzygium malaccense are summarized in Table 1 . Fruits from L2 were slightly larger and heavier than those from L1 (p<0.05). The weight of the fruits, on average, was 62.21 g and measured 5.91 cm longitudinally in diameter and 4.87 cm transversely in diameter. There were significant differences (p<0.01) in the physical and chemical characteristics between the fractions (peel and edible portion) of samples from the same geographical origin and between the same fractions considering its different geographical origin (Table 2) . On the basis of these results, the peels presented higher contents of carbohydrates, lipids, ashes, ascorbic acid, reductive sugars and total soluble solids, and lower values of moisture, proteins, pH and food fiber when compared to the edible portion.
Anthocyanins
The chromatogram of the extract of anthocyanins from Malay apple is presented in Fig 1, as measured using HPLC-DAD-MS/MS. The major anthocyanin found in Malay apple was cyanidin 3-glucoside, followed by cyanidin 3,5-diglucoside and peonidin 3-glucoside (Table 3) . These results are consistent with those reported in previous studies with Malay apple fruits, where the major anthocyanins were identified as cyanidin 3-glucoside [3] , and these compounds have been shown to protect cell membrane lipids from oxidation [13] .
Total phenolic compounds and antioxidant activity
Total phenolic compounds content and antioxidant activity were lower in the edible portion of fruit when compared to the peel fraction (Table 4 ). There were significant differences (p<0.01) between all of the parameters compared, except for the FRAP assay, when comparing the same fraction (peel and edible portion) in samples obtained from different geographical origin (L1 and L2).
Oxidation inhibition power (OIP)
Fig 2 shows the comparative β-carotene oxidation inhibition power of the control, BHT, mixture of extracts + BHT and different aliquots of peel and edible portion extracts from L1 and L2. The decrease of β-carotene absorbance indicates that all tested extracts presented antioxidant capacity. The OIP was in the following order: P400 (78.47%) > P+BHT (72.22%) > EP +BHT (71.88%) > EP400 (68.40%) > BHT (67.36%) > P100 (56.25%) > EP100 (51.74%) for extracts from L1; and P400 (83.33%) > P+BHT (73.26%) > EP400 (68.40%) > EP+BHT (67.71%) > BHT (67.36%) > P100 (67.01%) > EP100 (47.57%) for extracts from L2.
Discussion
Fruits with a similar weight and uniform shape are desirable in terms of marketing value. In addition, the demand of fruit quality, with regard to its physical and chemical characteristics, by industries is dependent on fruit species and physical characteristics. Among the physical characteristics, dimensions, mass and yield are important parameters in sizing and fruit appearance [14] . The Malay apple is presumed to be a native fruit from Malaysia and was introduced in Brazil and other tropical countries. The morphological and climatic adaptation of Malay apple in different geographical regions may reflect on the physical and chemical characteristics, as it was found in this study. There were significant differences on these aspects between fruits from L1 and L2 regions. These findings are also expected because the physico-chemical characteristics in fruits are dependent on genetic and environmental factors [15] and production practices [16] . According to Costa et al. [17] , the epicarp of Malay apple is thin, smooth, and reddish; the mesocarp and endocarp are whitish and succulent. These authors reported that the fruits weighed 35.57 g and measured 7.16 cm in length and 5.15 cm in width for samples originated from Southeast Brazil, showing a great difference when compared to fruits from L1 and L2 regions evaluated in our study. 2 Expressed as μMol TEAC (Trolox equivalent antioxidant capacity)/g dry weight. 3 Expressed as mM ferreous sulfate/g dry weight.
doi:10.1371/journal.pone.0158134.t004 There is scarce information available in the literature regarding the proximate composition and chemical characteristics of Malay apple fruits (S. malaccense). Therefore, we will use reference data of other fruits with known composition, which are recognized for their health benefits. The moisture level of both fractions of the fruit was approximately 90%, which lies within the class of fleshy and succulent fruits, a common characteristic in tropical fruits. A similar result of 87% of moisture was reported by Oliveira et al. [18] , while 83.28% of moisture was reported by Lim and Rabeta [19] , in Malay apple. The carbohydrate level, which is approximately 6.5%, is the highest calorie contributor of the Malay apple and many tropical fruits, particularly in Malay apple, as the total lipid and protein contents do not substantially affect the total energy value of the fruit [19, 20] .
It is well documented that vitamin C, a water-soluble vitamin, is a strong antioxidant [21] . A considerable amount of ascorbic acid was found in S. malaccense peel (318.01 and 321.27 mg/100 g for L1 and L2, respectively). The outcome of this study was consistent with reports obtained from Judprasong et al. [21] , which showed high ascorbic acid values in other regional fruits. Satpathy et al. [22] reported 200.2 mg/100 g (dry material) for Spondias pinnata K., and Clerici and Carvalho-Silva [20] reported 575 mg/100 g (dry material) for Phyllanthus emblica L. In addition, the S. malaccense peel can be considered a source of vitamin C, to cater to more than 15% of the Dietary Reference Intake-DRI for adults and children [23] .
The peel and edible portion samples showed the lowest fiber level compared with other dark-colored fruits, such as blackberries (5.30%), blueberries (2.40%), strawberries (2.00%) and grapes (fresh weight) [24] , and cannot be considered fiber sources [25] . In the present study, the peel showed the highest Total Soluble Solids (TSS, in°BRIX) at a range between 6.5 (L2) and 6.76 (L1) and the lowest pH at a range between 3.54 and 3.60 when compared to the edible portion (p<0.05). TSS and pH are important characteristics related with sugar content and quality factor as it balances sweetness and tartness [16] . Furthermore, pH ranges could be affected by degradation as well as by different chemical forms in which anthocyanin are found in foods. At a pH value between 1.0 and 4.0, the flavylium cation (red color) and quinoidal blue species are predominant, and colorations are visually observed in the peel of Malay apple fruit [26] .
Although Malay apple fruit peels and pulps are eaten together, the peels present a higher concentration of bioactive compounds, thus, they were analyzed separately in this study. Among bioactive compounds, anthocyanins have been reported to be powerful antioxidant compounds, and stability studies showed that they can be stable for up to 6 months in dry pulps [27] . When compared to other fruits from the Myrtaceae family, Malay apple showed a higher content of monomeric anthocyanins (1032.01 mg/100 g and 278.34 mg/100 g for peel and edible portion, respectively, to extracts from L1 and 1045.34 mg/100 g and 275.68 mg/100 g to extracts from L2) compared to those reported for camu-camu (Myrciaria dubia), 30-54 mg/100 g [28] , Eugenia myrtifolia, 33 mg/100 g [29] , and jambolão (Syzygium cumini), 134 mg/100 g (fresh weight) [30] . Differences in anthocyanins content can be attributed to the inherent variability of the raw material, as well as to differences in the methodology or standard used.
Further, we have found that cyanidin 3-glucoside is the major anthocyanin in Malay apple fruit. Different studies suggest its beneficial effects to human health. For example, the potential efficacy of this anthocyanin pigment against oxidative damages and the protective effects on oxidative stress, inflammation suppression, obesity prevention, attenuation of lung injury and primary hepatocytes protection [31, 32, 33, 34, 35] . Therefore, the use of dietary sources of cyanidin 3-glucoside through fruits and vegetables consumption may play an important role as a dietary antioxidant and healthy strategy.
Total phenolic compounds content and antioxidant activity of Malay apple can be mainly attributed to the peel's deep purple color, indicating a rich presence of anthocyanins and other bioactive compounds [36] . In the study of antiradical phenolic constituents of fourteen edible fruits from Myrtaceae family, Reynertson et al. [3] reported a similar result for TPC in Syzygium malaccense (8.58 mg GAE/g dry weight for edible portion), which is lower when compared to those for other fruits from the Myrtaceae family (Myrciaria dubia, 101.0, Myrciaria vexator, 44.1, Syzygium curranii, 39.6, Myrciaria cauliflora, 31.6, and Eugenia aggregata, 25.3 mg GAE/g dry weight). In addition, some authors have quantified the TPC in extracts from leaves of Malay apple [37, 38] with mean results of 8.87 mg GAE/g dry weight [37] . These findings are similar to the value for the edible portion, but the quantification of TPC in the peel is scarce.
Because the redox properties of polyphenols allow them to act as reducing agents, hydrogen donators and singlet oxygen quenchers, as well as metal chelating agents [38] , different assays were employed to determine and compare the antioxidant properties of S. malaccense in the peel and edible portion. The DPPH antiradical scavenging activity values were 47.22 and 47.52 μMol TEAC/g for peel extracts and 25.92 and 22.20 μMol TEAC/g for edible portion extracts in L1 and L2, respectively. These results are similar to the findings obtained by Azevêdo [38] (29.03 μMol TEAC/g) for the edible portion.
The FRAP values were 0.19 (peel) and 0.09 (edible portion) mM ferreous sulfate/g dry weight and were consistent with findings obtained by Ikram et al. [39] , who found FRAP values of 0.22 mM for Syzgiujm malaccense lyophilized fruits. Lim and Rabeta [19] reported a value of 2.06 mM of ferrous equivalent Fe (II) per gram of freeze-dried sample extracted with 50% acetone. As described by these authors, samples extracted with acetone have a higher FRAP value compared with samples extracted with water [19] .
Earlier studies have shown that there is a correlation between antioxidant activity and total phenolic compounds (TPC) in fruits [40, 41] . In the present study, positive correlations (p<0.01) between the total phenolic content and DPPH antiradical scavenging activity values (r = 0.9424) and between the total phenolic content and FRAP values (r = 0.9667) were observed.
In addition to exhibiting good antioxidant activity and significant reducing power, the peel and edible portion extracts of Malay apple also showed a moderate capacity to inhibit the oxidation of the β-carotene/linoleic acid system. Although it was observed that fruits from different geographical origins exhibited a small variation in OIP, all antioxidant extracts tested showed the ability to inhibit oxidation in the β-carotene/linoleic acid system. The same ability to inhibit oxidation was observed in the studies of Ikram et al. [39] and Rockenbach et al. [41] , who evaluated extracts of Malaysian under-utilized fruits and pomace from red grapes, respectively. For both L1 and L2, a higher OIP was observed to P400 and P+BHT, demonstrating a higher potential of peel extracts compared to edible portion extracts and a positive synergistic effect of peel extracts and BHT. A hypothesis for the synergistic effect between peel extracts and BHT is based on the higher level of anthocyanins in the peel compared to the edible portion, indicating a high capacity of these compounds to scavenge free radicals liberated during linoleic acid oxidation [40] . Finally, it is also noteworthy that the higher proportion of peel in relationship to the edible portion observed in fruit from geographical origin L2 might be the reason for its higher concentration of anthocyanins, higher antioxidant activity and oxidation inhibition power compared to fruit from L1.
Conclusions
Fruits from different geographical origins of Brazil presented significant differences (p<0.01) in chemical and physical parameters. The peel is a source of vitamin C and contains a higher content of bioactive compounds and antioxidant activity. In addition, peel extracts demonstrated a higher oxidation inhibition power compared to edible portion extracts and a positive synergistic effect between peel extracts and BHT was observed. With regard to the few reports on Syzygium malaccense, this study provides new information about the physical and chemical properties, bioactive compounds and antioxidant activity of this fruit.
